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Antiferromagnetic s− d exchange coupling in GaMnAs
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Measurements of coherent electron spin dynamics in Ga1−xMnxAs/Al0.4Ga0.6As quantum wells
with 0.0006% < x < 0.03% show an antiferromagnetic (negative) exchange bewteen s-like conduc-
tion band electrons and electrons localized in the d-shell of the Mn2+ impurities. The magnitude
of the s − d exchange parameter, N0α, varies as a function of well width indicative of a large and
negative contribution due to kinetic exchange. In the limit of no quantum confinement, N0α ex-
trapolates to −0.09± 0.03 eV indicating that antiferromagnetic s− d exchange is a bulk property of
GaMnAs. Measurements of the polarization-resolved photoluminescence show strong discrepancy
from a simple model of the exchange enhanced Zeeman splitting, indicative of additional complexity
in the exchange split valence band.
PACS numbers: 75.30.Et, 71.70.Ej, 75.50.Pp, 78.47.+p
The sp−d exchange constants in II-VI dilute magnetic
semiconductors (DMS) are readily measurable through
magneto-optical spectroscopy; however, the high con-
centration of growth defects in Ga1−xMnxAs (x > 1%)
has precluded band-edge optical measurements of its ex-
change splitting. Despite this constraint, several esti-
mates of the p − d exchange constant (N0β) have been
published from modeling of transport [1], core-level pho-
toemission [2], and cyclotron resonance measurements
[3]. A previous study on highly dilute Ga1−xMnxAs
(x < 0.1%) crystals grown by the Czochralski method re-
ports polarized magnetoreflectance data from which the
total exciton spin splitting is determined to within 600
meV [4]. This result, however, includes no independent
measurements of the s − d exchange constant (N0α) or
N0β; the reported estimation of N0β depends on an as-
sumed positive value ofN0α based on work in II-VI DMS.
Here we investigate MBE grown
Ga1−xMnxAs/Al0.4Ga0.6As quantum wells (QWs)
with 0.0006% < x < 0.03% in which Mn2+ ions act
as spin 5/2 paramagnets. Ga1−xMnxAs is typically
grown at temperatures around 250◦C, however, for these
values of x, the growth temperature can be increased to
400◦C while still allowing substitutional incorporation
of Mn. The use of this increased substrate temperature
is seen to reduce excess As in our samples and enables
the observation of magneto-optical effects such as
polarization resolved photoluminescence (PL) and Kerr
rotation (KR) [5]. Both the sign and magnitude of N0α
are measured over a wide range of QW widths and Mn
concentrations by time-resolved measurements of KR.
In contrast to II-VI DMS, we find that N0α < 0 in all
QWs measured. A measured negative trend in N0α as
a function of decreasing QW width is consistent with
the mechanism of kinetic exchange for conduction band
electrons observed in II-VI DMS QWs [6]. Using a fit
to this model in the limit of wide wells, we extrapolate
a negative N0α for bulk GaMnAs. The change in N0α
due to quantum confinement is as large as −740 meV,
much larger than observed by Merkulov et al. in II-VI
DMS. Measurements of polarization-resolved PL reveal
strong non-linearities in the Zeeman splitting, making it
difficult to extract the exchange-induced exciton energy
N0(α− β), and thus N0β.
The samples consist of single Ga1−xMnxAs QWs of
width d surrounded by Al0.4Ga0.6As barriers and are
grown on (001) semi-insulating GaAs wafers. A detailed
discussion of sample growth and quantitative measure-
ments of x by secondary ion mass spectroscopy are pro-
vided elsewhere [5].
Electron spin dynamics are measured by time-resolved
KR with the optical axis perpendicular to the applied
magnetic field B (Voigt geometry) and parallel to the
growth direction zˆ. The measurement, which monitors
small rotations in the linear polarization of laser light
reflected off of the sample, is sensitive to the spin polar-
ization of electrons in the conduction band of the QW
[7]. A Ti:Sapphire laser with a 76-MHz repetition rate
and 250-fs pulse width tuned to a laser energy EL near
the QW absorbtion energy is split into a pump (probe)
beam with an average power of 2 mW (0.1 mW). The
helicity of the pump beam polarization is modulated at
40 kHz by a photo-elastic modulator, while the inten-
sity of the linearly polarized probe beam is modulated
by an optical chopper at 1 kHz for lock-in detection.
Both beams are focused to an overlapping 50 µm di-
ameter spot on the sample which is mounted within a
magneto-optical cryostat. The time delay ∆t between
pump and probe pulses is controlled using a mechani-
cal delay line. The pump injects electron spins polar-
ized perpendicular to B into the conduction band of the
QW. The change in the probe polarization angle, θK (∆t)
is proportional to the average electron spin polarization
in the QW and is well fit to a single decaying cosine,
θK (∆t) = θ⊥e
−∆t/T∗2 cos (2piνL∆t+ φ), where θ⊥ is pro-
portional to the total spin injected, T ∗2 is the inhomo-
2geneous transverse spin lifetime, νL is the electron spin
precession (Larmor) frequency, and φ is the phase offset.
No evidence of Mn2+ spin precession, which occurs in II-
VI magnetically doped QWs [7], has been observed in the
samples studied here. The order of magnitude smaller x
in our III-V QWs compared to the II-VI QWs puts any
Mn2+ spin precession signal below the experimental de-
tection limit.
Fig. 1a shows typical time-resolved KR data mea-
sured at B = 8 T for a Mn-doped QW (d = 7.5 nm
and x ∼ 0.01%) together with fit, as described above,
demonstrating electron spin coherence in the GaMnAs
system. νL is proportional to the total conduction band
spin splitting between spin-up and spin-down electrons
(∆E = E ↑ −E ↓) and can be expressed in terms of the
Zeeman splitting (∆Eg), and the s−d exchange splitting
(∆Es−d):
hνL = ∆E = ∆Eg +∆Es−d = geµBB − xN0α〈Sx〉. (1)
Here h is Planck’s constant, ge is the in-plane elec-
tron g-factor, µB is the Bohr magneton, and 〈Sx〉 is
the component of Mn2+ spin along B. We emphasize
that a measurement of νL alone, because of phase am-
biguity, does not determine the sign of ∆E. 〈Sx〉 =
− 52B5/2
(
5gMnµBB
2kB(T−θP )
)
, where B5/2 is the spin-5/2 Bril-
louin function, gMn is the g-factor for Mn
2+, kB is
Boltzman’s constant, and θP is the paramagnetic Curie
temperature. Note that since the g-factor for Mn2+
(gMn = 2) is positive, then for B > 0, 〈Sx〉 < 0.
In Fig. 1b, νL is plotted as a function of B for a set of
four samples with d = 7.5 nm and varying x. The non-
magnetic (x = 0) sample shows a linear field dependence
of νL, from which we extract values of ge as described in
Eq. (1). As the Mn doping concentration is increased,
νL increases and its B dependence becomes non-linear.
Further, this field dependence shows the same Brillouin
function behavior that is expected for the magnetization
of paramagnetic GaMnAs, Eq. (1).
The dependence of νL on B and T for the sample with
d = 7.5 nm and x ∼ 0.002% is plotted in Fig. 1c and d
together with values for the control sample, x = 0 and
d = 7.5 nm. For the magnetic sample, as T is increased
νL decreases asymptotically toward the control sample
value geµBB/h without crossing zero (Fig. 1c). Thus, it
follows from Eq. (1) and from the sign of 〈Sx〉 that for
d = 7.5 nm N0α has the same sign as ge. For d = 7.5
nm, ge < 0 [9], and thus N0α < 0. This conclusion is
also supported by the QW width dependence discussed
below.
Using ge extracted from the x = 0 sample (green line)
and Eq. (1) we fit νL as a function of B and T to,
νL =
geµBB
h
+
5A
2h
B5/2
(
5µBB
kB(T − θP )
)
, (2)
which has only two fit parameters, A and θP . Comparing
Eqs. (2) to (1), it is clear that A = xN0α. The data in
Fig. 1b-d are fit to Eq. (2), with fits shown as red lines.
A large negative θP (-37 K) is extracted from the fits for
the sample with the lowest Mn doping (Fig.1c and d),
which may be explained by an increased spin temperature
of Mn2+ due to photoexcitation. This effect has been
reported in II-VI DMS for low magnetic doping levels [8].
Also supporting this hypothesis, we find smaller values
of |θP | < 7 K in samples with larger x.
N0α is examined in detail for QWs of varying d. For
this analysis, four sets of samples with various x (includ-
ing x = 0) were grown for d = 3, 5, 7.5 and 10 nm. Note
that each sample set of constant d was grown on the same
day, which we have observed to reduce QW thickness
variations between samples within each set from ∼ 3%
to < 1%. In Fig. 2a, ge in the non-magnetic (x = 0)
QWs is plotted as a function of d together with data
from two other publications [9, 10]. Our data track the
thickness dependence of the QW g-factor as previously
reported with a slight positive shift in ge. The larger Al
concentration (40%) in the QW barriers used in our sam-
ples versus the concentration (33%) used in Refs. [9, 10]
accounts for this discrepancy [11]. Knowing the absolute
sign of ge for QWs of any width, we determine the sign
of N0α for each d in the manner described previously.
With a now calibrated sign, ∆E = hνL is plotted in Fig.
2b as a function of B for all four QW sample sets with
varying d. As shown in Fig. 2b, for any given d, ∆E
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FIG. 1: (Color) Time-resolved electron spin dynamics in d =
7.5 nm GaMnAs QWs. (a) An example of KR data (points)
together with fit (line). (b) νL as a function of B for different
x values (solid points); larger points indicate increasing x.
Open data points are for the x = 0 sample. (c) The effect
of increasing T on the B dependence of νL for the sample
with x ∼ 0.002% (solid points) and for the x = 0 sample
(open points). (d) T dependence of νL at constant B for the
x ∼ 0.002% sample. Red lines in (b-d) are fits to Eq. (2).
3decreases as x increases. Following from Eq. (1) and
from the sign of 〈Sx〉, this demonstrates that N0α is neg-
ative, i.e. antiferromagnetic, which has been reproduced
unambiguously in at least 20 additional samples. The
effect of increasing temperature on the B dependence of
∆E for the d = 5 nm and x ∼ 0.008% sample is shown in
Fig. 2c, which dramatically illustrates the negative s− d
constant. For d = 5 nm, ge is weakly positive, thus for
B > 0 and at high temperature ∆E > 0. As the temper-
ature descreases, ∆Es−d becomes more negative as the
paramagnetic susceptibility increases. At T = 10 K and
B = 7 T, ∆E = 0 since the s − d exchange splitting is
equal and opposite to the Zeeman splitting. For lower
temperature, ∆E < 0 since ∆Es−d > ∆Eg. We note
that the data are well fit to Eq. (2) despite their highly
non-linear nature. We contrast our observation of anti-
ferromagnetic s−d exchange in III-V GaMnAs, with the
ferromagnetic s − d exchange ubiquitous in II-VI DMS.
Their symmetry forbids hybridization of s and d orbitals,
such that only direct (ferromagnetic) s − d exchange is
possible [12]. The antiferromagnetic s − d exchange in
GaMnAs may be due to the narrower band gap of this
material compared with II-VI, such that the conduction
band has partial p-character thus allowing hybridization
with the d orbitals localized on the Mn2+ impurities.
In Fig. 3a, the fit parameter A = xN0α is plotted as
a function of x together with linear fits for each sample
set of constant d. The finite values of xN0α at x = 0,
extrapolated from the linear fits, are attributed to ei-
ther the experimental error in the determination of ge in
the non-magnetic QWs or error in the measurement of
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FIG. 2: (Color) (a) ge as a function of d. Black points are
from control (x = 0) samples of this study, red circles and
squares are from references [9, 10], respectively. Lines guide
the eye. (b) ∆E as a function of B for QWs with (solid
circles) and without Mn doping (open circles); larger points
indicate increasing x. (c) ∆E for the sample with d = 5 nm
and x ∼ 0.008% at various temperatures. Fits to Eq. (2) are
shown as lines in (b) and (c).
x, both errors which to first approximation have negli-
gible effect on the slope. These linear fits demonstrate
that N0α is constant over the measured doping range for
QWs with the same width, but it varies with d as plot-
ted in Fig. 3b. N0α is more negative the narrower the
QW, while it appears to saturate for wide QWs. In II-VI
DMS QWs, a negative change in N0α as large as −170
meV was previously reported for increasing confinement
and was attributed to a kinetic exchange coupling due
to the admixture of valence and conduction band wave
functions [6]. We plot N0α as a function of the elec-
tron kinetic energy (Ee) in Fig. 3c, and the data are
linear. Extrapolating to Ee = 0 we obtain a bulk value
of N0α = −0.09 ± 0.03 eV for GaMnAs. A change in
N0α as large as −740 meV is observed in the narrrowest
wells measured (d = 3 nm) and the slope of N0α(Ee) is
∼ 5 times larger than in Merkulov et al.
Polarization-resolvedPL is measured as a function ofB
in the Faraday geometry with PL collected normal to the
sample surface. The excitation laser is linearly polarized
and focused to a spot 100 µm in diameter with an energy
set above the QW absorption energy. While PL is seen
to quench with increasing Mn doping, QWs without or
with low Mn doping emit PL whose energy dependence
is well fit by two Gaussians (Fig. 4a and b). In the non-
magnetic samples, the emission energy of the narrower,
higher-energy Gaussian peak tracks the B dependence
expected for the Zeeman splitting in QWs, indicating
that this peak is due to heavy hole exciton recombination.
On the other hand, the wider, lower-energy Gaussian is
likely due to donor-bound exciton emission from shallow
donors in the QWs. These shallow donors are likely Mn
interstitials, since the emission linewidth increases as the
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FIG. 3: (Color) (a) xN0α as a function of x from fits shown
in Fig. 2b; error bars are the size of the points. Linear fits are
shown for each sample set of constant d. (b) N0α extracted
from fits in (a) and plotted as a function of d. (c) The electron
exchange constantN0α as a function of electron kinetic energy
for GaMnAs.
4calculated Mn interstitial concentration increases. The
lower energy Gaussian is also present in the non-magnetic
samples (Fig. 4a) perhaps due to an impurity level of Mn
interstitials (≤ 1015 cm−3) [5].
The splitting in the polarized emission energy of the
higher energy Gaussian, ∆EPL = Eσ+ − Eσ− , is mea-
sured in all the non-magnetic samples. For small fields
(B < 2 T), ∆EPL depends linearly on field with the slope
giving the out-of-plane heavy hole exciton g-factor (gex).
The extracted values of gex agree within the experimen-
tal error with previously published values [13]. At higher
fields, ∆EPL deviates from linearity, particularly in the
wider QWs as shown in Fig. 4c where it reverses sign in
the 10 nm QW with x = 0 at |B| = 5 T.
In Mn-doped samples, ∆EPL results from both the
Zeeman splitting (∆Egex) and the sp− d exchange split-
ting (∆Esp−d):
∆EPL = ∆Egex+∆Esp−d = −gexµBB+xN0(α−β)〈Sx〉.
(3)
Using the measurements of gex from the x = 0 samples
and the previously extracted values of 〈Sx〉 and N0α at
5K (Fig. 2b), we fit ∆EPL to Eq. (3). In the 10 nm
QW for low fields we estimate N0β = −3.4 ± 1.5 eV
using the fits shown in Fig. 4c as blue lines. As Fig.
4c makes clear, this model breaks down at high fields
where non-linearities dominate ∆EPL. In an attempt to
avoid non-linearities in the Zeeman splitting not modeled
by a linear ∆Egex, ∆EPL measured in the 10 nm x =
0 sample is subtracted from ∆EPL of the 10 nm x ∼
0.003% sample. The resulting energy, ∆Esp−d, isolates
the exchange splitting, plotted as a function of B in Fig.
4d along with a fit of the form xN0(α− β)〈Sx〉. While a
fit giving N0β = −3.5± 1.5 eV closely approximates the
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FIG. 4: (Color) Polarization-resolved PL for 10 nm QW
at 5 K. (a) σ+ and σ− polarized PL from the x = 0 QW
excited with 1 W/cm2 at 1.722 eV. 2-Gaussian fits to the data
are shown as black lines and the higher energy Gausssian is
attributed to the heavy hole exciton in the QW. (b) Similar
data shown for the x ∼ 0.003% sample excited with 10 W/cm2
at 1.722 eV. (c) B dependence of ∆EPL for the x = 0 and x ∼
0.003% samples plotted as open and filled circles, respectively.
Fits to ∆EPL for |B| < 2 T are shown for both samples as blue
lines. (d) The difference between ∆EPL in the x ∼ 0.003%
sample and in the x = 0 sample, ∆Esp−d, (black triangles)
plotted with fit for |B| < 5 T (blue line).
data for |B| < 5 T, the description breaks down at larger
B.
Similar non-linear behavior in ∆EPL at high fields in
samples with d = 3, 5, and 7.5 nm gives a large uncer-
tainty in our estimates of N0β. Further complicating the
determination of N0β are the widely differing values ex-
tracted for samples of different widths. Using fits similar
to those shown in Fig. 4c we find N0β = +17.7 ± 1.6,
+98.0 ± 7.3, and −11.5 ± 6.1 eV for QWs with d = 3,
5, and 7.5 nm, respectively. Such dissagreement between
samples indicates the incompleteness of our model for the
valance band; the mixing of valance band states may be
contributing to the problematic extraction of the p − d
exchange coupling especially for small d [13]. Clearly,
more work is necessary for the determination of N0β in
GaMnAs QWs and its dependence on d.
In summary, strong evidence is presented of a direct
relation between the conduction band exchange constant
and the electron kinetic energy due to one-dimensional
quantum confinement in GaMnAs QWs. It is a quan-
titatively larger effect, but with the same sign, as what
was reported for II-VI DMS QWs [6]. Surprisingly, the
s− d exchange coupling is antiferromagnetic in the QWs
and extrapolates to −0.09 ± 0.03 eV in the limit of in-
finitely wide wells indicating that antiferromagnetic s−d
exchange is a bulk property of GaMnAs, a result which
has not been predicted by current DMS theories.
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